Rolfe, David F. S., and Guy C. Brown. Cellular Energy Utilization and Molecular Origin of Standard Metabolic Rate in Mammals. Physiol. Rev. 77: 731-758,1997. -The molecular origin of standard metabolic rate and thermogenesis in mammals is examined. It is pointed out that there are important differences and distinctions between the cellular reactions that 1) couple to oxygen consumption, 2) uncouple metabolism, 3) hydrolyze ATP, 4) control metabolic rate, 5) regulate metabolic rate, 6) produce heat, and ?') dissipate free energy. The quantitative contribution of different cellular reactions to these processes is assessed in mammals. We estimate that -90% of mammalian oxygen consumption in the standard state is mitochondrial, of which -20% is uncoupled by the mitochondrial proton leak and 80% is coupled to ATP synthesis. The consequences of the significant contribution of proton leak to standard metabolic rate for tissue P-to-O ratio, heat production, and free energy dissipation by oxidative phosphorylation and the estimated contribution of ATP-consuming processes to tissue oxygen consumption rate are discussed. Of the 80% of oxygen consumption coupled to ATP synthesis, -25-30% is used by protein synthesis, 19-28% by the Na'-K'-ATPase, 4-8% by the Ca2+-ATPase, Z-8% by the actinomyosin ATPase, 7-10% by gluconeogenesis, and 3% by ureagenesis, with mRNA synthesis and substrate cycling also making significant contributions.
The main cellular reactions that uncouple standard energy metabolism are the Na+, K', H+, and Ca2' channels and leaks of cell membranes and protein breakdown.
Cellular metabolic rate is controlled by a number of processes including metabolic demand and substrate supply. The differences in standard metabolic rate between animals of different body mass and phylogeny appear to be due to proportionate changes in the whole of energy metabolism. Heat is produced by some reactions and taken up by others but is mainly produced by the reactions of mitochondrial respiration, oxidative phosphorylation, and proton leak on the inner mitochondrial membrane. Free energy is dissipated by all cellular reactions, but the major contributions are by the ATP-utilizing reactions and the uncoupling reactions. The functions and evolutionary significance of standard metabolic rate are discussed.
I. INTRODUCTION imal to SMR are seen; for example, a trained athlete's maximal metabolic rate may be 20 x SMR, whereas in an Mammalian cells and organisms use a considerable amount of energy in the basal or standard state, when no net work is done and all the free energy is dissipated. This review examines where this energy goes, what controls the energy usage, and what possible functions this basal energy usage might serve.
Standard metabolic rate (SMR) is the steady-state rate of heat production by a whole organism under a set of "standard" conditions; in mammals, these conditions are that the individual is an adult and is awake but resting, stress free, not digesting food (prior food intake being at or around maintenance level), and maintained at a temperature that elicits no thermoregulatory effect on heat production (see Ref. 15 for review). Standard metabolic rate is measured either directly as heat production, or indirectly as oxygen consumption from which it can be accurately predicted (189). Basal metabolic rate is similar to SMR, although the term is now most usually applied to human metabolism only. Resting metabolic rate is also similar to SMR, except that the metabolic rate is measured while the animal is still digesting food.
Metabolic rate changes under different conditions, and (at least) three other conditions are generally distinguished: minimal metabolic rate, field metabolic rate, and maximal metabolic rate. Minimal metabolic rate is the metabolic rate in various conditions that cause the rate to fall below that of SMR; causes of this depression include sleep, anesthesia, and continued starvation. Metabolic rate falls by -10% below SMR during sleep and may fall by 40% (a decrease of 20% in metabolic rate per kilogram body weight) during long-term starvation in humans (15). Field metabolic rate is the average rate over an extended period of time when the animal is living in its natural environment and may be assessed either by direct measurements of heat production (as is often the case in human studies) or by the doubly labeled water method. Field metabolic rate is higher than SMR as a result of the energy requirements made by feeding, cold exposure, and muscle use (Fig. 1) . Each of these conditions can increase metabolic rate above the standard rate, and the extent depends on conditions. The maximal metauntrained human a value of 12 x SMR would be more usual (15).
The energy use in the standard state is sometimes regarded as a fixed requirement for maintenance of the organism, to which other energy uses may be added. However, the extra energy use induced by cold, feeding, muscle use, growth, or reproduction is not necessarily additive with SMR. This is because the metabolic processes underlying SMR may decrease or increase in the conditions of extra energy demand (see Ref. 216) . For example, during exercise, the metabolic rate of some organs (e.g., kidney and gut) decreases, whereas gluconeogenesis increases in the liver, and protein synthesis may decrease in skeletal muscle. Thus the processes underlying SMR cannot be regarded as fixed, but rather change with conditions.
The standard and field metabolic rates are important because they determine the calorific nutrient requirements and growth rates of animals and humans. Not all the nutrient energy intake of an individual organism is lost as heat, since a proportion is lost as feces and urine (-4 and 5%, respectively, in humans) (114), a proportion is saved as growth of the individual or passed on during birth or lactation, and a small proportion is saved as work on the environment ( Fig. 1 ; see Refs. 15 and 114 for energy requirements). However, the majority of an individual's calorific intake is lost as heat, and thus accounted for by metabolic rate. This heat production is due to the cellular metabolism of all the tissues of an individual organism. In an adult organism that is not growing, reproducing, lactating, or doing work on the environment, all the energy taken in and metabolized is lost as heat by cellular metabolic reactions. All the free energy is dissipated, and all the chemical potential energy is converted to heat.
In this article we address the following questions with regard to mammalian SMR. 1) What is the quantitative contribution of the major organs and tissues to SMR ? 2) What is the quantitative contribution of the major metabolic pathways and cellular processes to SMR? 3) What are the main ATP-using reactions in mammalian cells, and what is their contribution to total ATP consumption in a bolic rate is the maximum steady-state metabolic rate attainable during hard exercise over a defined period of time and is often considered to be simply 10 times SMR in mammals. However, large variations in the ratio of maxat which reactions is the free energy dissipated? 5) Which cell? -4) At which cellular reactions is the heat lost, and reactions control SMR, and which are responsible for physiological changes in SMR? 6) What is the function of total energy intake, second column total energy used, and third column total heat produced. Proportions given are for adult humans and are only roughly to scale. Note that field metabolic rate represents daily (24 h) energy expenditure and does not include energy required for reproduction. Contribution to total heat output arising from cold-induced thermogenesis will obviously depend on ambient temperature at which metabolic rate measurements are made (see text for explanation).
[Data from Blaxter (15).]
SMR? We first assess the contribution of a tissue or process to SMR by quantifying its coupling to oxygen consumption. Standard metabolic rate cannot be equated with oxygen consumption, but oxygen consumption accurately predicts SMR, and the extent to which a process is coupled to oxygen consumption quantifies the energy flux through the process.
II. QUANTITATIVE ASSESSMENT OF THE ORIGIN OF STANDARD METABOLIC RATE IN MAMMALS
Metabolism has often been conceptually divided into the reactions that produce energy or ATP (catabolism) and the reactions that use energy or ATP (anabolism). This has been a useful dichotomy, but is misleading in several ways. 1) The processes of ATP production are not energy producing (as according to the first and second laws of thermodynamics energy is conserved and free energy dissipated by all reactions), but rather function to distribute free energy. 2) Free energy is distributed to energy-requiring reactions using intermediates other than the ATP, for example, GTP, NADH, NADPH, the mitochondrial proton gradient, and the plasma membrane Na' gradient.
3) The ATP-using reactions are wrongly assumed to be responsible for all the heat production and free energy dissipation of metabolism and to be solely responsible for control of metabolic rate.
Because ATP utilization has been equated with cellular energy utilization, the origin of SMR has been thought to be solvable simply by identifying the major reactions responsible for ATP utilization. However, for the purposes of locating the origin of SMR, it will be more useful to divide metabolism into coupling and uncoupling reactions. Because no net work is done by SMR, the fact that oxygen consumption occurs at all in the standard state is related to processes that "uncouple" metabolism ( Fig. a>. The cell consists of a number of low-entropy structures (for example, macromolecules and ion gradients) whose production requires free energy. In animals, this free energy comes from the oxidation of food molecules: carbohydrates, fats, and proteins. This oxidation is coupled to the reduction of NAD. Oxidation of NADH by the mitochondrial electron transport chain is coupled to the production of an electrochemical proton gradient across the mitochondrial inner membrane. Synthesis of ATP is coupled to the "downhill" channeling of these protons through the ATP synthase. Processes such as protein synthesis, maintenance of sodium and potassium gradients, and muscular contraction are coupled to ATP hydrolysis (see Fig. 2 ). However, if this was all that there was to metabolism, then the whole system would come to equilibrium and there would be no metabolic rate. There is a significant flux through the system because of reactions that uncouple metabolism, such as protein degradation, ion leaks, and muscle relaxation. Thus, in a sense, the uncoupling processes account for SMR.
As mentioned above, energy metabolism has previously been thought to be fully coupled to ATP production, but it is now recognized that 1) not all oxygen consumption is mitochondrial and therefore coupled to oxidative phosphorylation, and 2) a significant proportion of mitochondrial respiration is not coupled to ATP synthesis. Hence, some of the reactions responsible for SMR occur before oxidative ATP synthesis. Thus energy metabolism can be regarded as a leaky hose pipe (Fig. Z) , and in the standard metabolic state, all the energy must leak out somewhere, since none of the energy is conserved, rather all is lost as heat. However, the site of heat production cannot simply be identified with either the uncoupling or Note that transport of X may be via Na+ antiport as shown (e.g., if X = Ca2'), or by Na+ symport (e.g., if X = amino acids). Uncoupling reactions are mitochondrial proton leak, protein degradation, and Na+ and X leaks at plasma membrane.
Note that uncoupling of substrate dehydrogenation may also occur, for example, due to peroxisomal fatty acid oxidation.
coupling reactions, because both types of reaction produce heat. Also, heat production cannot be equated with free energy dissipation, because these are different processes that must be evaluated separately. In addition, we cannot equate the uncoupling reactions with the reactions that control metabolic rate, since control is also located standard metabolism have been measured by various methods. In vitro measurements are made on perfused organs or tissue slices; in vivo estimates are made from measuremerits of arteriovenous differences in oxygen concentration and of blood flow. However, even in studies where tissue oxygen consumption rates were measured in vivo, the total oxygen consumption of the organs does not always add up to the measured body oxygen consumption, and this presumably reflects technical difficulties in making the measurements (1, 85, 183 ). An estimate of the contribution of various organs to the oxygen consumption of an adult human and rat in the standard metabolic state is given in Table 1 . The relative contribution of these organs to body mass and SMR varies somewhat with species (183). No one organ is responsible for the majority of the minimal metabolic rate, but some organs (brain, kidney, heart, and gastrointestinal tract) contribute a much larger fraction of the total SMR than their fractional mass or volume of the body, whereas others (bone, white adipose tissue, skin, and muscle) contribute much less. Note, however, that some tissues (e.g., skeletal muscle) make a significant contribution to SMR by virtue of their size, even though their metabolic rate per gram is relatively low. Thus the pathways contributing to the metabolic rate of these tissues are often in coupling reactions. Different tissue preparations from different animals, in different metabolic conditions, have been used to estimate the relative contribution of processes to tissue SMR. Thus, in using these data to estimate the overall contribution of a process to SMR, care must be taken in extrapolating to the in vivo metabolic rate. Furthermore, it is essential to distinguish between the metabolic rate of isolated tissues or cells in a minimal medium and the rate under standard physiological conditions. The former rate may be lower than the latter, because, for example, in a minimal medium isolated brain and heart will be missing electrical excitation, kidney tissue will lack metabolites to transport, and liver will be missing substrates for glucose, urea, and protein synthesis. However, if care is taken, oxygen consumption rates measured on tissue slices in vitro are not dramatically different from those of the same tissues in vivo. For example, organ metabolic rates estimated from tissue slice data (e.g., 37 pmol O2 l min-' l whole of more relevance to the study of SMR than those in more liver-' and 0.606 ,umol O2 l min-' l g skeletal muscle-'; Ref. metabolically active tissues such as kidney and brain. 71) are similar to in vivo measurements of tissue metaFurther geographical localization of oxygen conbolic rate (e.g., 61 pmol O2 l rnin l whole liver-', Ref. 116; sumption and thus heat production has been attempted and 0.787 pmol O2 l min-' l g skeletal muscle-', Ref. 173). in some tissues by measuring oxygen consumption or Z-A. Contribution of Different Tissues to Standard deoxyglucose uptake, or mitochondrial or cytochrome oxMetabolic Rate idase density (which are thought to be proportional to metabolic rate). The metabolic rate in brain as estimated The oxygen consumption rates and thus heat produc-by Z-deoxyglucose uptake is 25 -50% lower in white matter tion by the various organs of the mammalian body during than in gray matter, and cytochrome oxidase, mitochon- dria, and the Na'-Kf-ATPase colocalize to dendrites and presynaptic terminals (see Refs. 68, 193, 220) . For example, in primate visual cortex, 62% of mitochondria are found within dendrites, 21% in presynaptic terminals, with relatively little in axons (12%) or glia (2%) (220). In skeletal muscle, oxygen consumption and mitochondrial content are higher in red muscle than white muscle and decrease in the order type I > type IIa > type IIb muscle fibers. In kidney, the density of mitochondrial volume (mitochondrial volume per unit volume of cytoplasm) is similar to that of mitochondrial membrane density and basolateral membrane surface density and decreases from 33 to 22% along the proximal tubule. Along the distal portion of the nephron, it decreases from 44% in the medullary thick ascending limb to 31% in the distal convoluted tubule. In the thin limbs, the density is only 6-8%, whereas the collecting tubule has a mitochondrial density of -20 and 10% in the cortical and medullary segments, respectively (161). The liver is fairly homogeneous: 80% of liver cells have the same or similar mitochondrial content, but the density of inner mitochondrial membrane is slightly lower in pericentral regions of the lobules (140).
B. Contribution of Non-ATP-Consuming Reactions in the Major Oxygen-Consuming Tissues to Standard Metabolic Rate
Nonmitochondrial oxygen consumption
Not all oxygen consumption by tissues is mitochondrial or coupled to proton pumping and, therefore, involved in ATP production. A large number of oxidases function throughout metabolism, e.g., in peroxisomal fatty acid oxidation. Estimates of nonmitochondrial oxygen consumption can be made by adding specific inhibitors of the mitochondrial respiratory chain and measuring the residual oxygen consumption of the tissue. Nonmitochondrial respiration accounted for -2 1% in isolated resting rat liver cells (20, 41), 20% in perfused liver (187), 14% in perfused resting rat skeletal muscle (63, 176), and 20% in rabbit reticulocytes (192) , but only 2% in isolated thymocytes (134) and 3% of the estimated in vivo oxygen consumption of rat heart (48). If we assume that nonmitochondrial oxygen consumption is 20, 14, and 3% of in vivo oxygen consumption of liver, skeletal muscle, and heart, respectively, and multiply these fractions by the respective contributions of each organ to the total oxygen consumption of rat and human (listed in Table l), then we can estimate that nonmitochondrial oxygen consumption within these organs alone contributes 8.3 and 6.5% of total oxygen consumption in rats and humans, respectively. Because these organs contribute -50% of total oxygen consumption, and other organs are likely to have a smaller but still significant proportion of nonmitochondrial oxygen consumption, then the total contribution of nonmitochondrial oxygen consumption to whole body oxygen consumption is likely to be -10%.
A small proportion of mitochondrial oxygen consumption is not coupled to proton pumping, due to leakage of electrons from the electron transport chain to reduce oxygen to superoxide and hydrogen peroxide. This proportion has been estimated to be maximally l-2% of the oxygen consumption rate of isolated mitochondria by measuring the rate of hydrogen peroxide production (17, 205).
lWi tochondrial pro ton leak
As stated in the introduction to section II, not all mitochondrial oxygen consumption in the standard state is coupled to ATP synthesis. In brown adipose tissue, a specific protein (thermogenin) enhances the proton conductance of the mitochondrial inner membrane, uncoupling mitochondrial oxygen consumption from ATP synthesis (155). Brown adipose tissue (BAT) contributes to SMR in neonatal mammals and small mammals adapted to cold environments (105, 155). Foster and Frydman (74) found that over 60% of the excess heat produced in response to cold in rats is generated in BAT. Brown adipose tissue thermogenesis is also stimulated by overfeeding (105, 155). However, BAT does not make a significant contribution to SMR in adult rats and humans (73).
Thermogenin is restricted to BAT mitochondria; however, mitochondria isolated from other organs have a significant passive leak for protons (proton leak), which is apparently not mediated by a specific protein (reviewed in Refs. 20,35). Proton leak is not an artifact of mitochondrial isolation, since it has been demonstrated in mito-chondria within isolated hepatocytes (22, 41, 97, 156) and thymocy-tes (44).
With the assumption that mitochondrial oxygen consumption and proton pumping are obligatorily coupled under physiological conditions (see section I&!?), oxygen consumption in the absence of phosphorylation may be used as an indirect measure of proton leak activity (38, 154). The contribution of proton leak to the resting oxygen consumption of a particular tissue may be thus estimated by completely inhibiting mitochondrial ATP production. This inhibition will result in a drop in the tissue oxygen consumption rate and an increase in the mitochondrial membrane potential. Because of the strong dependence of the mitochondrial proton leak on membrane potential, the mitochondrial potential must then be returned to its resting value by sequentially inhibiting the mitochondrial respiratory chain. Once the mitochondrial potential has been returned to its resting value, the remaining oxygen consumption is a measure of the magnitude of the proton leak flux (plus any nonmitochondrial oxygen consumption) that had been occurring under resting conditions. The nonmitochondrial oxygen consumption rate is determined by completely inhibiting mitochondrial oxygen consumption, and hence, the proton leak flux can be calculated.
Experiments (of the type described above) to estimate the proton leak rate have been carried out using isolated rat liver cells and perfused rat skeletal muscle and indicate that proton leak accounts for 26% of oxygen consumption in resting rat liver cells (22, 41, 97, 156; reviewed in Ref. 20) and 52% in resting rat skeletal muscle (20, 176). In the heart, Challoner (48) found that 84% of the estimated in vivo oxygen consumption was inhibited by arresting the heart; of the remaining 16%, 94% was insensitive to oligomycin, but only 20% was insensitive to cyanide (an inhibitor of the respiratory chain). Thus a maximum of lo-13% of the in vivo oxygen consumption may be coupled to the proton leak in heart. This will probably overestimate the actual contribution of proton leak (as explained above), but the correction of this overestimate in liver and skeletal was not greater than 50%, so we may estimate the contribution of proton leak in heart to be -5-10% of SMR. Note that the experiments outlined in References 41 and 176 may give an upper limit to proton leak activity in the intact animal, since the skeletal muscle and liver may have a greater ATP demand in the standard state in vivo than in vitro, for example, due to muscular contraction and additional liver work functions. However, the oxygen consumption rate of isolated hepatocytes may be scaled to allow comparison with the in vivo rates in whole liver (14). The oxygen consumption rate of whole liver in vivo is 2.84 pmol O2 l min-' l g liver-' (116). The oxygen consumption rates of resting hepato-58%) (41, 97, 156, 165, 169) . Similarly, the in vitro oxygen consumption rates of perfused muscle preparations are within the same range as estimates of the oxygen consumption rate of skeletal muscle in vivo. Of course, this argument does not preclude overestimates in proton leak measurements in vitro, since stimulations of ATP consumption would also cause decreased proton leak flux and therefore may not significantly alter the overall oxygen consumption rate while altering the balance of ATP consumption and proton leak. However, it is one indication that perfused muscle and liver cells may be reasonable models for the whole tissue in vivo, and thus the experiments outlined above show that proton leak may be an important contributor to SMR, at least in rats. With a knowledge of the contribution to rat SMR of skeletal muscle (estimates range from 13 to 42%; mean 30%) and liver (lo-20%; mean 15%), the contribution of proton leak in liver and skeletal muscle to rat SMR can be estimated to be, on average, 20% (30 X 0.52 + 15 x 0.26) [range 10 (13 X 0.52 + 10 x 0.26) to 27 (42 x 0.52 + 20 x 0.26)%]. If the same proportions of liver and skeletal muscle oxygen consumption were uncoupled in humans, then the proton leak in these tissues would make a smaller contribution to SMR (-15%) due to the smaller contribution of skeletal muscle in humans. The contribution of proton leak in other tissues, apart from heart above, has not been estimated, although proton leak is present in mitochondria isolated from brain and kidney and has similar activity to that found in isolated liver mitochondria (178). It might be argued that, because these organs have a higher demand for ATP relative to that in skeletal muscle in the standard state, there may be a relatively smaller contribution of proton leak in these tissues, since the proton leak and ATP synthesis compete for the same intermediate. Thus a reasonable estimate of the overall contribution of proton leak to SMR is -20%.
P-to-O Ratio and H' stoichiometries
The P-to-O ratio (P/O) is the ratio of ATP synthesized to oxygen consumed (expressed in moles of 0 rather than O,), but we may distinguish the mechanistic ratio from the effective ratio. The mechanistic P/O is the maximal P/O in the absence of proton leak, other uncoupling reactions, and oxygen consumption other than at cytochrome oxidase and is equal to the product of the Hf/O and ATP/ Hf ratios. The effective P/O of a tissue is the ratio of ATP synthesized (by mitochondria) to oxygen consumed by the whole tissue. The effective P/O is related to the mechanistic P/O of the mitochondrial ATP synthesizing reactions by multiplying the mechanistic ratio by the fraction of the total tissue oxygen consumption rate that is used to drive mitochondrial ATP synthesis. The effective P/O differs from the mechanistic P/O mainly because of nonmitocytes isolated from fed rats incubated at 37°C in Krebschondrial oxygen consumption and mitochondrial proton Henseleit bicarbonate buffer is between 33 and 79% (mean leak.
The mechanistic P/O was previously thought to be 1 per site of the mitochondrial respiratory chain, i.e., 3 for mitochondria respiring on NADH and 2 for mitochondria respiring on succinate. These estimates were based on measurements of the effective P/O in mitochondria but overestimated the effect of the proton leak on these measurements. More recent measurements quantitatively accounting for the proton leak estimate the mechanistic P/O to be 2.5 for mitochondria respiring on NADH and 1.5 respiring on succinate (19, 106) . This fits well with the present consensus estimates of the Hf/O ratios of the respiratory chain (10 for NADH oxidation and 6 for succinate oxidation) and the H+/ATP ratio of ATP synthesis and transport (3 H+ for ATP synthesis and 1 Hf equivalent for transport of ADP and Pi; see Refs. 16, 106 There has been some doubt as to whether the mitochondrial oxygen consumption and proton pumping have a fixed coupling ratio (i.e., the H+/O ratio might vary or "slip") (reviewed in Refs. 35, 149). If the mitochondrial proton pumps did slip, this would result in large changes in thermogenesis, free energy dissipation, and efficiency of the mitochondrial proton pumps themselves. However, more recent evidence indicates that, under approximately physiological conditions, the ratio is fixed (20, 21, 32, 92, 125, 221).
We can estimate the effective P/O in vivo by combining estimates of the mechanistic P/O (which we will assume to be -2.5) with estimates of the fraction of tissue oxygen consumption 1) used by nonmitochondrial oxygen consumption (O-20% depending on tissue) and 2) coupled to proton leak (O-50% depending on tissue). If the combined nonmitochondrial respiration rate of heart, skeletal muscle, and liver accounts for -10% of SMR (see sect. IIBI) and the proton leak in these organs accounts for -20% of SMR (see sect. 11B2), then this allows us to estimate the effective whole body P/O as 1.8 (0.7 X 2.5). If we exclude the contribution of nonmitochondrial oxygen consumption, then we can estimate the effective mitochondrial P/O as 2.0 (0.8 X 2.5).
Considerable interest has been shown in the effective P/O of intact tissues (e.g., Refs. 29, 46, 76, 127). The effective P/O of yeast (29, 46), perfused kidney (76), and heart (127) estimated from 31P-nuclear magnetic resonance (NMR) saturation transfer measurements of Pi+ATP flux were close to 3, 2.45, and 2.36, respectively. These data imply that virtually all the oxygen consumption in these systems is used to drive ATP synthesis. Thus it would appear that the data presented here for the contribution of proton leak to resting liver cell and skeletal muscle oxygen consumption contradict the current perceptions of the tightness of coupling between oxygen consumption and ATP synthesis in cells and organs. If the contribution of oxidative phosphorylation to resting oxygen consumption is 53% in liver cells (41,97, 156) and 34% in muscle (20, 176), then the effective P/O in these systems (assuming a mechanistic P/O of 2.5) would be 1.3 (0.53 x 2.5) for liver and 0.9 (0.34 X 2.5) for muscle. However, it has been pointed out (29, 27, 127) that 31P-NMR saturation transfer measurements of Pi+ATP flux may significantly overestimate the net Pi+ATP flux catalyzed by the mitochondrial ATP synthase because 1) the unidirectional forward rate of the ATP synthase may be much greater than the net rate because the backward rate is significant, and 2) a proportion of the measured Pi+ATP flux is catalyzed by glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase in yeast (28) and perfused heart (127). Inhibition of the glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase exchange reaction in beating heart lead to a drop in the estimated P/O from 6.4 to 2.2 (127). Overexpression of yeast adenine nucleotide translocase, the kinetic properties of which are thought to influence the backward (ATP+PJ rate of the mitochondrial ATP synthase, caused the apparent mitochondrial P/O to increase from 0.9 to 4.2 (26). Thus it seems likely that previous estimates of the effective P/O in resting cells and tissues by "lP-NMR saturation transfer were erroneously high.
C. Contribution of ATP-Consuming Reactions in the Major Oxygen-Consuming Tissues to Standard Metabolic Rate
We now move on to consider the contribution of the different ATP-consuming processes within the cell to SMR. Estimates of the relative ATP use by a process are usually made either 1) by measuring the rate of the process and estimating the oxygen consumption required to account for that rate, or 2) by specifically inhibiting the process and measuring the resultant fractional change in oxygen consumption. Estimates based on the first method need to assume a value of the P/O that has in the past been overestimated (see sect. II.@. In the absence of significant glycolytic ATP production (see sect. IIG), 1) the ATP synthesized by the tissue = (the oxygen consumption of the tissue X the effective P/O of the tissue), 2) the fraction of tissue ATP production used by the particular ATP user = (the ATP use by a particular ATP user/the oxygen consumption of the tissue X the effective P/O), and 3) the fraction of tissue oxygen consumption coupled to the particular ATP user = (the ATP use by a particular ATP user/the oxygen consumption of the tissue X the mechanistic P/O). Estimates of the contribution of the different ATPconsuming processes to metabolic rate based on the use of inhibitors can be unreliable because 1) the inhibitors are rarely specific, 2) inhibition of functions such as ion transport may affect energy metabolism at multiple sites, and 3) inhibition of a major ATP user may raise the ATP/ ADP and thus stimulate other ATP consumers. The extent to which the latter is a problem depends on the relative sensitivity of the ATP-consuming process and ATP production to the ATP/ADP (see Refs. 34, 43) . If the sensitivity of the ATP consumers is insignificant relative to mitochondrial ATP production, as has been shown in concanavalin A-stimulated thymocytes (43), then complete and specific inhibition of an ATP consumer will not lead to a significant drop in ATP/ADP and will not underestimate the contribution of that ATP-consuming process to tissue oxygen consumption.
Na'-K"-ATPase
The Na'-K+-ATPase is an important ATP consumer, although its importance may have been overestimated previously, due to the secondary effects on cellular oxygen consumption of ouabain, an inhibitor of the Naf-K'-ATPase widely used in studies of the ion pump (reviewed in Refs. 53, 124). The contribution of this pump has been estimated in a large range of tissues either by measuring ion fluxes or by determining the effect of ouabain on oxygen consumption.
The estimated coupling to oxygen consumption of the Na'-K'-ATPase is -14% in adult rats (calculated from data in Ref. 53 and data for rat organ metabolic rates shown in Table 1 ) and -20% in humans (calculated from data in Ref. 53 and data for human organ metabolic rates shown in Table 1 ). The contribution is particularly large in brain (4, 68) and kidney (98, 197) , where the pump has been estimated to be coupled to 50-60% of oxygen consumption.
Ca"+-ATPase
As for the Na+-K+-ATPase, the contribution of the calcium ATPase to the metabolic rate of the major oxygenconsuming tissues of many mammals has been extensively reviewed by Clausen et al. (53) . The contribution of the Ca'+-ATPase is usually assessed by measurement of transmembrane ion fluxes and multiplying these fluxes by the ATP:Ca2+ stoichiometry of the ATPase. The contribution of the ATPase to total tissue ATP consumption is then calculated by assuming a P/O of 3 for the tissue (53). If the data of Clausen et al. (53) are reevaluated using a mechanistic P/O of 2.5, we can calculate that the Ca2'-ATPase accounts for the following fractions of tissue metabolic rate: 6% in resting skeletal muscle, 24-58% in contracting skeletal muscle, <l% for resting heart muscle, B-36% for contracting heart muscle, and 2% in resting liver. A significant contribution of this ATPase in brain was also proposed (53), although a specific figure was not suggested. Using the estimates for resting skeletal muscle and liver and contracting heart, and the organ oxygen consumption rates of Table 1 , we can estimate that calcium cycling in heart, liver, and muscle contribute 4-6% of SMR in humans and between 3 and 4% of SMR in rats. This figure may rise dramatically if there is any skeletal muscle contraction.
Muscle contraction
The actinomyosin
ATPase probably accounts for a significant proportion of the ATP turnover even in the standard metabolic state, since heart work, lung work, vascular, gastrointestinal, and other smooth muscle tone, and skeletal muscle tone are still required in this state. There is no good estimate of the contribution of smooth muscle at present. The maintenance of muscle tone via the actinomyosin ATPase is often considered to be an important contributor to SMR. However, Webster (213) summarized results indicating that the energy costs of standing and of changing position were only -1% of the total energy expenditure of a confined, fed steer. Hence, the contribution of muscle tone maintenance to SMR may be insignificant. However, the electrical activity of resting skeletal muscle in anesthetized rats is high (190). According to Rohracher (175), the roughly lo-fold greater metabolic rate in homeotherms compared with poikilotherms of similar body weight is due to the existence of "muscular microtremor." However, this theory has not been tested. It has been estimated that the isolated, beating but unloaded heart (doing no external work) consumes 50% of the oxygen consumption of the rat heart in vivo in the standard state, and the arrested heart consumes -15% (48, 80, ZOO). Thus -85% of the in vivo oxygen consumption of heart is due to activation and contraction. It is thought that 50-60% of this ATP requirement is for the actinomyosin ATPase (53, ZOO). Therefore, it seems likely that between 43% (0.85 x 0.5) and 51% (0.85 X 0.6) of the oxygen consumption of rat heart in vivo is due to the actinomyosin ATPase, and thus this ATPase accounts for a minimum of between 1.3% (3 X 0.43) and 1.5% (3 X 0.51) of the whole body SMR in rats and between 5% (11 x 0.43) and 6% (11 x 0.51) of that in humans (calculated using the organ metabolic rates given in Table 1 ).
Protein turnover
The contribution of protein synthesis and breakdown to SMR has been estimated either by 1) measuring rates of protein synthesis or 2) measuring the inhibition of oxygen consumption when protein synthesis is inhibited. Waterlow (210) and Waterlow and Millward (212) have reviewed manv measurements of whole bodv pro- tein turnover using labeled amino acids and estimate that protein synthesis contributes 15-18% of SMR. This estimate is calculated essentially by multiplying the protein synthesis rate by the ATP requirement (4 ATP equivalents per peptide bond), dividing by the P/O (assumed to be 3), and then comparing it with the SMR. This calculation will give a small underestimate of the contribution of the SMR (using a mechanistic P/O of 2.5 the contribution is -1822%).
Estimates of the contribution of protein synthesis using specific inhibitors and determining the change in oxygen consumption rate in various in vitro tissue preparations range from 2 to 30% in different organs, with an overall contribution to SMR of 12-25% (reviewed in Ref. 124). Estimates of the contribution in different organs are given in Table 2 . Reeds and Harris (172) found that the rate of protein synthesis has the same relationship with the body mass of an animal as its SMR; thus protein synthesis makes the same percent contribution to SMR in a variety of animals regardless of body size.
The net energy costs of protein degradation are not clear, although various authors have claimed that this process is a significant energy sink (44, 45, 148, 182, 192 ). The energy cost of proteolysis was assessed as the difference in the amount of cellular oxygen consumption inhibitable by emetine (an inhibitor of ATP-dependent proteolysis and protein synthesis) and cycloheximide (an inhibitor of protein synthesis only). With the use of this method, estimates of the coupling of ATP-dependent proteolysis to cell oxygen consumption have been 11-15% in resting rabbit reticulocytes (191, 192) , 58% in Ehrlich mouse ascites tumor cells (148, 182), 7% in resting lymphocytes (45), and <l% in resting thymocytes (41). However, these data are difficult to interpret, since the effect of emetine only becomes significantly different from that of cycloheximide when the cells are incubated for over an hour in the presence of the inhibitors despite the fact that proteolysis (measured as radiolabeled lysine release from cell protein) was abolished by emetine in <30 min. Thus the overall contribution of protein degradation is impossible to estimate at the moment, although the ATP requirement of ubiquitin-dependent proteolysis, -4 ATP/protein (102), would not appear to predict a significant role for ATPdependent proteolysis as a contributor to SMR.
Substrate cycles
Newsholme (152) estimated that if the phosphofructose-fructose bisphosphate cycle was fully active, it could account for -50% of an adult human's daily expenditure. He concluded that stimulation of many such cycles could result in the conversion of significant amounts of chemical energy into heat. Rabkin and Blum (169) estimated the activity of five substrate cycles (glucose/glucose-6-phosphate, glycogen/glucose-6-phosphate, fructose-6-phosphatelfrmctose 1,6-bisphosphate, phosphoenolpyruvatel pyruvate/oxaloacetate, and acetate/acetyl CoA) using fluxes calculated by a computer model that gave the best fit to data from radioisotopic incorporation experiments. The results indicated that the contribution of these five substrate cycles to resting metabolic rate in isolated hepatocytes was -26% (although the contribution to ATP turnover may be higher due to low effective P/O in hepatocytes). However, the potential for substrate cycling is probably larger in liver than most other tissues. Modeling of energy metabolism in young pigs suggests that substrate cycling in glycolysis, triglyceride turnover, and the Cori cycle account for 7.5% of SMR (171). gen consumption using inhibitors of RNA and DNA synthesis such as actinomycin and amanitin. With the use of the inhibitor method, the coupling of oligonucleotide synthesis to cell oxygen consumption has been estimated as 12% in resting lymphocytes (45) and Ehrlich mouse ascites tumor cells (182) but was insignificant in resting thymocytes (44). Another way of estimating the energy cost of oligonucleotide turnover is to directly measure the rate of synthesis by incubating cells or tissues with radiolabeled nucleotides. Although most RNA in the cell is rRNA and tRNA, the turnover rate of mRNA (and its precursor hnRNA) is much higher, so that the rate of RNA turnover in the cell is mostly due to mRNA (or hnRNA). Different types of mRNA also turnover at widely different rates, so that estimating the overall rate of RNA turnover is not easy. However, with the use of such methods, the rate of synthesis of RNA was estimated as 0.105 mg l ml cells-' l h-l in rabbit reticulocytes (158) and as 0.80 mg l 100 g-' l h-l in perfused rat liver (136). With the use of an ATP:RNA nucleotide stoichiometry of 2 and with the assumption that the average molecular weight of a nucleotide in an RNA molecule is 320, the total ATP consumed by RNA synthesis in these systems can be calculated as 0. of RNA turnover to tissue ATP consumption in reticulocytes and liver can be estimated as -1% (0.65/95 x 100) and 10% (5/44 x loo), respectively. Because the oxygen consumption driving ATP synthesis represents 50% (20) and a minimum of -70% (191) of the total oxygen consumption rate of isolated hepatocytes and reticulocytes, respectively, then the contribution of RNA synthesis to the overall oxygen consumption rate may be estimated to be 1% in thymocytes and -5% in liver.
Whole body RNA turnover has been estimated in adult humans from the excretion rate of rare bases or their metabolites in urine, as 0.5 pmol l kg body wt-' l day-' for mRNA, 0.5 pmol l kg-' l day-' for tRNA, and 0.03 pmol l kg-' l day-' for rRNA (186) . If the average size of primary mRNA transcripts being turned over was 20,000 nucleotides, then the mRNA turnover rate would correspond to 10 mmol nucleotides l kg-' l day-', equivalent to 20 mmol ATP l kg-' l day-', equivalent to 1.4 mol ATP. day-' l human, equivalent to 0.56 mol0 l day-' l human-' (assuming a P/O of 2.5), equivalent to 1.8% of basal metabolic rate (with a basal oxygen consumption of 32 mol O/day). However, the average size of primary transcript being turned over is very uncertain, and the accuracy of the estimated mRNA turnover rate is also uncertain (186), so this estimate of the contribution to SMR cannot be used with any confidence.
The contribution of DNA synthesis to SMR is thought to be much smaller than RNA, since the turnover is much lower (147).
Enzyme phosphorylation and signal transduction
Goldbeter and Koshland (84) have made rough estimates of the cellular energy expenditure on protein phosphorylation.
They suggest that glycogen phosphorylase kinase could use a substantial proportion of cellular ATP turnover (> lo%), while adenosine 3',5'-cyclic monophosphate (CAMP)-dependent protein kinase and protein kinase C could make a significant contribution. They further suggest that since one in six mammalian proteins is reversibly phoshorylated, the total cost of protein phosphorylations may be substantial. However, these conclusions were based on measured maximal rates rather than actual rates in cells, and there is no good estimate of the contribution of protein phosphorylation to ATP turnover. Phospholipids, particularly those involved in signal transduction, undergo rapid energy-dependent synthesis and breakdown (12). Goldbeter and Koshland (84) state that phosphatidylinositol turnover in thrombin-stimulated platelets may transiently account for a significant proportion of the ATP consumption in these cells. However, Verhoeven et al. (208) concluded that the markedly enhanced phospholipid metabolism during secretion in platelets involved only a small fraction of the total energy usage of the cell. Similarly, it was calculated (by radioisotopic measurement of inositol phospholipid turnover and knowing the ATP requirement of inositol phospholipid synthesis) that a loo-fold stimulation in inositol phospholipid turnover (compared with the basal turnover rate) in contracting canine trachealis smooth muscle would only cause an increase in ATP consumption equivalent to 1% of the basal ATP requirement (31). Thus the contribution of phospholipid turnover to SMR is unclear, but probably small.
The ATP requirement for CAMP turnover in platelets has been estimated to be 3-6% of the total ATP turnover (83, 84), and maximal stimulation of adenylate cyclase can completely deplete cell ATP in adipocytes (52). G proteins can hydrolyze GTP at a rapid rate, but again, there is no good estimate of this contribution to ATP turnover.
Gluconeogenesis
Gluconeogenesis requires ATP and occurs at a high rate under standard conditions. The flux through this pathway is generally measured in vivo by infusing small quantities of a radiolabeled substrate of de novo glucose synthesis such as alanine and observing the rate of transfer of the radiolabel to glucose. This method may underestimate July 1997
the total rate of gluconeogenesis, since only glucose arising from radiolabeled alanine itself (or other gluconeogenetic substrates such as lactate which might also become labeled as a result of the alanine infusion) will be measured as gluconeogenesis (170). Furthermore, exchange may occur between radiolabeled carbon and carbon from sources (e.g., intramitochondrial oxaloacetate), which make no net contribution to gluconeogenesis (170). In overnight-fasted humans (143), the rate of gluconeogenesis was estimated, using radiolabeled alanine, to be -0.72 mol glucose/day. This is equivalent to 4.3 mol ATP/day (assuming 6 ATP/glucose) or 1.7 mol O/day assuming a P/O of 2.5. The average adult human basal oxygen consumption is 32 mol O/day (116, 184), so this represents 5% of human SMR or -28% of human liver SMR assuming liver accounts for 17% of human SMR (Table 1) and that -10% of gluconeogenesis occurs in the kidney cortex. In young (-170 g) rats starved for 20 h (132), the rate of gluconeogenesis was estimated to be 14 mmol/day by measuring the rate of conversion of radiolabeled lactate to glucose. This is equivalent to -34 mmol O/day assuming 6 ATP/glucose and a P/O of 2.5. This is roughly equivalent to 7% of rat SMR assuming that a 170-g rat consumes 490 mmol O/day (calculated from data in Ref. 71) or 32% of liver SMR if liver accounts for 20% of rat SMR (Table 1) and 90% of gluconeogenesis occurs in liver. Data from isolated hepatocytes may enable us to crudely determine the significance of any underestimate of gluconeogenesis in the above data. Because glycogen stores are completely depleted in 18 to 24-h starved rats (14), all glucose production in hepatocytes isolated from these rats will be from gluconeogenesis. In hepatocytes isolated from 18 to 24-h fasted rats, the rate of glucose production under conditions designed to maximize the rate of gluconeogenesis has been estimated to be between 0.5 and 1.6 pmol l g wet wt cells-' l mir-? (14,86). Knowing the weight of cells in whole liver (14), we can estimate that the rate of gluconeogenesis in rat liver is -lo-28 mm01 l liver-l l day-', which is equivalent to 24-67 mmol O/day driving gluconeogenesis in the whole rat assuming 6 ATP/glucose and a P/O of 2.5. An adult rat (-300 g) consumes -840 mmol O/day (116), and hence, gluconeogenesis in the liver can be estimated to account for between 3 and 8% of rat SMR and between 15 and 40% of rat liver SMR. However, the above calculation of the contribution of gluconeogenesis to SMR depends on the proportion of gluconeogenesis that is produced from glycerol (stoichiometry = 2 ATP/glucose) compared with the other major gluconeogenetic substrates alanine, glutamine, and lactate (6 ATP/glucose). Glycerol carbon has been estimated to account for -5% of the total carbon used for gluconeogenesis in 16-to 18-h fasted adult dogs (94). If this is also true for rats, then the above calculation for hepatocyte gluconeogenesis would overestimate the true gluconeogenetic flux by -3%. Using the inhibitor perfluorosuccinate, Gregory and Berry (86) found that a 72% inhibition of glucose production resulted in a 21% reduction in oxygen consumption rate, and thus we might guess that a 100% inhibition would produce a 30% reduction in oxygen consumption rate, i.e., that gluconeogenesis accounts for -30% of liver metabolic rate under conditions designed to maximize de novo glucose production. However, it is not clear what other effects perfluorosuccinate has on hepatocyte metabolism, so the results of this study are hard to interpret. Thus it appears that a variety of techniques and systems for measuring gluconeogenesis give approximately the same answer: that de novo glucose synthesis accounts for between 5 and 8% of SMR in humans and between 3 and 8% in rats.
Urea synthesis
Urea synthesis requires ATP and continues in the standard state. Total urea synthesis is 25 g/day equivalent to 0.42 mol/day in an average human, requiring -1.7 mol ATP/day (assuming 4 ATP/urea) and thus 0.67 mol O/day, and thus 2% of the total oxygen consumption in humans. Almost all this urea synthesis occurs in liver, so that this represents 12% of the SMR of human liver. In perfused liver from fed rats or hepatocytes prepared from these livers, urea production can account for a significant proportion (up to 30%) of liver SMR (14, 86, 100). Total nitrogen excretion in 48-h starved rats was measured (55) to be 73 mg N l day-' l 100 g body wt-', with 75% of urinary N in urea this is equivalent to 3.9 mmol urea l day-' l 100 g body wt' (73 x 0.75/14), which would require 15.6 mmol ATP l day-' l 100 g-l (with 4 ATP required per urea synthesized), and thus 3.12 mmol O2 l day-' l 100 g-l (with a mechanistic P/O of 2.5). The same rats had an oxygen consumption of 4.43 g O2 l day-' l 100 g-' (55), equivalent to 138 mmol OZ l day-' l 100 g-', and thus the oxygen requirement for urea synthesis represents 2.3% of rat SMR or 12% of rat liver SMR. Thus it appears that urea synthesis may also make a small but significant contribution to SMR in rats and humans (-2%).
10. Other ATP-consuming processes contributing to standard metabolic rate Exocytosis and endocytosis allow the movement of large molecules into and across cell membranes and the modulation of cell responses to hormones by altering receptor availability. Energy is required for fibroblast endocytosis (160), exocytosis in amoeba (157), and for synaptic vesicle cycling in nerve terminals. However, the energy cost of these processes would be minor if one or a few ATP molecules were expended per vesicle or large molecule moved (147).
D. Service Functions
Another way of looking at the contribution of various processes to whole body oxygen consumption in the stan- Thus on the order of 20% of SMR may be concerned with service functions by this estimate. However, the difference between in vitro and in vivo oxygen consumption rates might have many other causes unrelated to service functions, so this is unlikely to be a reliable estimate.
A potentially better estimate may be obtained by considering the individual organs. It has been estimated that the arrested heart consumes -15% of the oxygen consumption of the rat heart in vivo (48, 80, ZOO), thus -85% of the oxygen consumption is concerned with the service function. In the brain, light anesthesia or sleep reduces brain oxygen consumption by lo-30%, whereas deep anesthesia, removing almost all electrical activity, reduces oxygen consumption by -4O-50% (4, 68); thus -40% of oxygen consumption is concerned with service functions in brain. In the kidney, 50-60% of oxygen consumption is thought to be coupled to sodium transport (53, 98, 197) , and up to 5% is coupled to gluconeogenesis (88,197); most of this probably has a service function. Resting skeletal muscle performs no service function (unless we include heat production, which all tissues produce). The gut performs no obvious service function in the standard state, since this state is postabsorptive.
However, in the liver, gluconeogenesis and urea synthesis (and protein synthesis for export) may be classified as service functions and have been estimated above to require between 40 and 50% of liver SMR in humans (see sects. IIC?? and IIC9). If 40% of brain, 60% of kidney, 50% of liver, and 85% of heart oxygen consumption was used for service functions in humans, the sum of the oxygen consumption driving these functions would account for -30% of the total SMR in humans and -20% in rats.
E. Relative ATP Use by Cellular ATPases
Section IIC estimated the extent to which the major ATP-consuming processes were coupled to cellular oxygen consumption, which closely approximates their contribution to SMR. Clearly, if all the oxygen consumption of a tissue was used to produce ATP (i.e., the effective P/O = 25), then the contribution of these processes to ATP consumption would be the same as their coupling to oxygen consumption or SMR. However, as mentioned in section II&?, the effective P/O may be less than maximal in liver and skeletal muscle and perhaps in other tissues also. We can obtain an estimate of the contribution of a particular ATP consumer to whole body ATP turnover by multiplying the coupling of the ATP consumer to oxygen consumption by the maximum P/O (2.5), then dividing by the whole body oxygen consumption rate multiplied by the effective whole body P/O (1.8; see sect. rB3).
In this way we can estimate the contribution to whole body ATP consumption of protein synthesis (25-30%), Na'-K+-ATPase (19~ZS%), Ca2+-ATPase (4-8%), actinomyosin ATPase (2-s%>, gluconeogenesis (7-lo%), and ureagenesis (3%). The sum of these estimated contributions is 60-87%. Other major contributors are substrate cycling and RNA synthesis. Obviously, the contribution of different ATP users differs dramatically in different organs.
F. Reactions
That Uncouple Standard Metabolism
We have, until now, discussed many of the contributors to SMR in terms of coupling reactions such as the Na'-K'-and Ca2+-ATPases and protein synthesis. However, it is important to consider which reactions uncouple these processes, since without the uncoupling reactions there would be no SMR.
In the brain, about one-half of the ATP production is coupled to the Na+-K'-ATPase and ion cycling at the preand postsynaptic membranes (4, 68, 220), and thus the reactions uncoupling most of brain metabolism are the voltage-and neurotransmitter-gated ion channels in these membranes. In the kidney, most of energy metabolism (50-60%; Refs. 53, 98, 197) is estimated to be involved in sodium reabsorption, so the uncoupling reactions of this organ are the sodium permeability of the luminal membranes of the tubule and glomerular filtration membranes. In heart and muscle, a smaller but still significant proportion of metabolism is uncoupled by voltage-and ligandgated ion channels in their membranes. Protein degradation uncouples protein synthesis in all tissues and thus accounts for -20% of SMR (see sect. IIC~).
Muscle contraction in heart alone may account for between 1 and 6% of SMR (see sect. 11c3), and thus muscle relaxation, crossbridge cycling of actinomyosin complexes, must account for a small but significant uncoupling of metabolism. This proton flux appears to be mediated by the bilayer (39). Around Z-50% of the proton leak of isolated mitochondria is apparently due to the protonophoric activity of free fatty acids in the bilayer (39). However, it is unclear whether this free fatty acid effect is present in vivo.
Nonmitochondrial oxygen consumption in heart, liver, and skeletal muscle alone may account for -10% of rat SMR (see sect. IIN).
This oxygen consumption is catalyzed by a heterogeneous group of enzymes and so is uncoupled by a large number of different reactions.
Cellular energy metabolism may be uncoupled not just by uncoupling processes in the same cell, but also by uncoupling processes elsewhere in the body or outside the body in the environment. These uncoupling processes are often transport processes, where cellular energy metabolism is coupled to a transcellular transport process and the transport is reversed either in the environment or by other transport processes in the body. For example, Na+ is transported from one extracellular space to another through intervening cells in the gut and kidney. This process requires a continuous input of free energy, but no free energy is stored, because Na' derived from the environment (as food) is returned to the environment (as urine). The pumping of the blood around the body by the heart is another process that does not come to equilibrium because the transport is in a loop (and thus the pump is short circuited), which requires a continuous input of energy. The movement of limbs and the body by the alternate contraction and relaxation of antagonistically arranged skeletal muscles is a process that again conserves little free energy, but results in transport against frictional forces (although this is not involved in SMR). Gluconeogenesis in liver and kidney is uncoupled by glycolysis in other tissues, and this cycle functions to transport energy between tissues. These uncoupling processes at the supracellular level are related to the service functions discussed in section ID.
G. Substrate
Utilization and Glycolytic ATP Production in Standard Metabolic Rate
The relative contributions of carbohydrate, fat, and protein oxidation to SMR can be estimated from the respiratory quotient (ratio of COB produced to O2 consumed) and urea production (189). In humans in the postabsorptive state, the respiratory quotient is -0.82 (189), and the relative contributions can be estimated to be -60,30, and 10% for fat, carbohydrate, and protein oxidation, respectively. With longer fasting, the respiratory quotient falls further and has been measured to be 0.7 in 48-h starved rats, indicating that 90% of SMR is derived from fat oxidation, an insignificant amount from net carbohydrate oxidation, and -10% from amino acid oxidation (55).
What proportion of total ATP production is produced by glycolysis rather than mitochondria in the standard state? During glucose oxidation, 2 ATP/glucose are produced by glycolysis and -23 ATP/glucose by the mitochondria (assuming a maximal ATP production of 31 ATPI glucose with 20% uncoupling by the proton leak, see Ref. 19 ); during glycogen oxidation, the glycolytic ATP production would be 4 ATP/glucose unit. Thus, if 30% of SMR is derived from carbohydrate oxidation, then 2.4-4.4% (0.3 X 2/25 or 0.3 X 4/27) of total ATP production is derived from glycolysis during glucose or glycogen oxidation. However, glycolysis may also produce lactate, which may recycle to glucose via gluconeogenesis in the liver. Because no lactate (or alanine) accumulates in the standard state, the rate of this (anaerobic) glycolysis can be estimated from the rate of gluconeogenesis.
In section 11c8, we saw that the rate of glucose turnover in the standard state has been measured to be 0.72 mol glucose/day in humans and 14 mmol glucose/day in rats, and this is equivalent to 1.44 mol glycolytic ATP/day in humans and 28 mmol glycolytic ATP/day in rats (assuming 2 glycolytic ATP/glucose). The total oxygen consumption is 32 mol O/ day in humans and 490 mmol O/day in rats (see sect. 11C8), and with the assumption of an effective P/O of 1.8, this is equivalent to 57.6 mol mitochondrial ATP/day in humans and 882 mmol mitochondrial ATP/day in rats. Thus we can estimate that anaerobic glycolytic ATP production is 2.4% of total (glycolytic and mitochondrial) ATP production in humans and 3.1% in rats in the standard state. The total contribution of glycolytic ATP production (aerobic and anaerobic) is thus roughly 4.6-7.7%. Of course, the proportion varies with tissue; most glycolysis is occurring in the brain in the standard state.
H. Summary
Contributions to SMR can be quantified in terms of coupling to oxygen consumption, ATP turnover, or uncoupling. In the standard state, -90% of mammalian oxygen consumption is used by the mitochondria; of this 90%, -20% is uncoupled by the mitochondrial proton leak, whereas the other 80% is coupled to ATP synthesis. Of this ATP production, -28% is used by protein synthesis, 19-28% by the Na+-Kf-ATPase, 4-8% by the Ca'+-ATPase, 2-8% by actinomyosin ATPase, 7-10% by gluconeogenesis, and 3% by ureagenesis, with mRNA synthesis and substrate cycling also contributing.
Protein synthesis is uncoupled by protein degradation, the Na' pump by Na+ channels and Na+-coupled transport, the calcium pump by Ca" channels, and gluconeogenesis by glycolysis. Contributions differ in different tissues (Table 2 and Fig. 3) . In this section, we very briefly summarize the major processes involved in field and maximal metabolic rate. This section is intended to put the above discussion in its context rather than to review the subject in detail, a task which has alrea.dy been fulfilled by others (e.g., Refs. 15, 110, 133). The value of the field metabolic rate (assessed, using the doubly labeled water method, as the 24-h metabolic rate of nonbreeding free-living animals) has been calculated to be roughly three times greater than SMR (measured under laboratory conditions) for mammalian species in the wild (151) and roughly twice SMR for domestic animals (15). However, in humans, the field metabolic rate (based on measurements of heat production made while the subject carried out normal daily activities) may be between 1.5fold (for office workers) and 2. l-fold (for heavy occupational work) greater than the SMR (15). The major components of these increases in metabolic rate are muscular activity, shivering and nonshivering thermogenesis, and the thermogenic effect of food. The relative contributions of these processes will obviously depend on the level of locomotion and exposure to cold. 
A. Cold-Induced Thermogenesis
Exposure to temperatures below thermoneutrality causes increases in metabolic rate (105), and increases of up to five times SMR (16) have been noted in coldacclimatized mammals in response to catecholamines, the principal hormones involved in cold-induced thermogenesis. In addition, long-term cold exposure may also alter standard metabolism; for example, the rate of oxygen consumption of cold-acclimatized rats is >25% higher at thermoneutral temperature than that of warm-acclimated rats (estimated from the data of Ref. 75). The response to cold is divided into shivering and nonshivering thermogenesis. Shivering thermogenesis results from muscle tremor and thus increased activity of the actinomyosin ATPase, Na+-Kf-ATPase, and Ca2+-ATPase, leading to increased oxidative phosphorylation in skeletal muscle. However, if cold exposure occurs for longer periods (several weeks), heat production by shivering is gradually replaced by nonshivering thermogenic processes. Although a large proportion of this nonshivering thermogenesis is the result of increased activity of BAT (75), other tissues, particularly skeletal muscle, may contribute (54, 75, 117). Cold acclimatization studies in mammals indicate that there is a general increase in the ion permeability of membranes in July 1997 ORIGIN OF STANDARD METABOLIC RATE a variety of tissues, resulting in increased activity of the Na'-K'-ATPase and Ca'+-ATPase (47,53). It has been estimated that -4O-50% of the response to cold (6°C) in coldacclimatized rats is due to nonshivering thermogenesis in BAT (73). The increase in oxygen consumption of adult cold-acclimatized rats in response to cold (6°C) is around two times SMR (75, 117). Adult humans lack BAT and may have relatively little cold exposure depending on conditions so that the contribution of cold-induced thermogenesis to field metabolic rate is probably smaller in humans than other mammals, although this obviously depends on environmental conditions.
B. Feeding-Induced Thermogenesis
Feeding has both short-term (i.e., after a meal) and long-term (over-or underfeeding) effects on metabolic rate. The short-term effect (formerly known as specific dynamic action) typically stimulates metabolic rate by -25%, with peak stimulation l-2 h after a meal in humans. This thermogenic effect of feeding contributes -15% of field metabolic rate in omnivores and up to 30% in ruminants (15). The mechanisms of this stimulation are still not entirely clear but include 1) the stimulation of pathways leading to the temporary synthesis of storage compounds, 2) the use of the ingested food as substrate for generating ATP, and 3) hormonal changes, in particular, activation of the sympathetic nervous system. One important component of the thermogenic response is the metabolism of ingested amino acids in the liver resulting in glucose, fat, urea, and protein synthesis, accompanied by amino acid oxidation (119). Swallowing, hydrolysis/ fermentation and absorption of the food, and enzyme secretion all make very small additional contributions (15). Baldwin and Smith (6) estimated that after a carbohydrate meal the increased heat production could be attributed to conversion of glucose to fat (30% of the increase), conversion of glucose to glycogen (14%), hydrolysis of the carbohydrate in the gut (5%), synthesis of digestive proteins (IS%), and active transport during absorption (24%). Milligan and Summers (147) and Kelly and McBride (124) attributed most of the increase in energy turnover to increases in protein turnover and Na'-Kf-ATPase after feeding. Nutritional status (as distinct from the thermogenic effect of food) also affects SMR (179). Fasting lowers metabolic rate by up to 40% (15), and overeating may increase it (179, HO), although this effect is more controversial (15, 103, 180).
C. Muscle Use-Induced Thermogenesis
Maximal metabolic rate attained by exercise for short periods is roughly 10 times SMR (204), although this figure varies considerably between and even within species (see sect. I). The extra oxygen consumption and heat production is the result of muscle contraction in heart and skeletal muscle. About 87% of body oxygen consumption is consumed by skeletal muscle during heavy work in humans and 5% by the heart (145). The estimated relative ATP consumption by different ATP users in isometrically contracting muscle is 6580% by the actinomyosin ATPase, lo-25% by the Ca'+-ATPase, 5-10% by the Nat-K'-ATPase, and -5% by myosin phosphorylation (53, 109, 110). In shortening muscle, the oxygen consumption is higher, and calcium cycling may require 20-50% of the ATP turnover (53, 109). During isometric contraction of the heart, 50-60% of ATP turnover has been attributed to the actinomyosin ATPase, 15-35% to the Ca2+-ATPase, and 15% to noncontractile functions (48, 53, 200). Muscle contraction also does some work including the compression and acceleration of blood in the heart and limbs, and air in the lungs, and this energy is dissipated as heat in the blood vessels and lungs/external air, respectively. The overall efficiency of the heart is -20% but rises to 40% or higher if the energy requirement for activation and noncontractile functions is subtracted (80,200). Up to 20-30% of the calorific input can be used for external work by skeletal muscle during walking, running, and cycling in humans (144). The efficiency of performing external work apparently increases with the body size of species (15). The uncoupling reactions of maximal metabolic rate are thus mainly 1) calcium and sodium channels, 2) muscle relaxation, 3) cross-bridge cycling of the actinomyosin during maintained contraction, and 0) dissipation of the physical work either inside or outside the organism.
IV. HEAT PRODUCTION AND FREE ENERGY DISSIPATION A. Thermogenesis and Enthalpy Dissipation
The cellular production of heat and dissipation of free energy have sometimes been confused. The free energy change of a reaction @G) is made up of two components: the enthalpy change (LH) and the entropy change @S), where AG = LW-TAS (and T is the absolute temperature). For cellular reactions and transport processes, the entropy component (-TLS) of AG is often large so that the enthalpy change cannot be equated with the free energy dissipation (AG). The heat production of an enzyme or transport reaction is given by -AH of the overall reaction so that the heat production by a cellular reaction is given by -AH X J, where J is the net rate of the reaction.
Prusiner and Poe (168) pointed out that most of cellular heat production must occur in the process of ATP production as opposed to ATP usage. They showed this by comparing the enthalpy of substrate (glucose and fatty acid) oxidation to that of ATP hydrolysis (after accounting for the ATP/O). Table 3 The return of Na' back into the cell is associated with -6 kJ/mol Na' (one charge brane (excluding enthalpies of buffer ionization).
ever, high ratios of glycolysis to oxidative metabolism can result in a significant heat production from glycolysis in isolated cells, partly due to the net pH change (82). GlycolThe enthalpy change for oxidation of a particular subysis from glucose to lactate produces 63-80 kJ/mol lactate when buffer ionization is included (82) (equivalent to lostrate by NAD can be estimated by comparing the en-14 kJ/mol 0). The heat production by individual steps in thalpy of combustion of the substrate to that of NADH glycolysis has been considered in Reference 58. In contrast to NAD reduction, the oxidation of NADH evolves a per oxygen atom consumed. From Table 3 we can see considerable amount of heat, mostly produced mitochondrial respiration, oxidative phosphorylation, and proton that little or no heat production occurs during glycolysis leak. The enthalpy of combustion of NADH is about -250 kJ/mol 0, whereas the equivalent potential heat production from the mitochondrial membrane potential is 150 kJ/ or the oxidation of glucose or fatty acids by NAD. Howmol0 (assuming an H'/O of 10 and membrane potential of 150 mV), and the enthalpy of ATP hydrolysis is roughly -40 kJ/mol 0 (assuming an effective mitochondrial P/O of 2). The missing enthalpy is lost as heat. From Table 2 and the estimated H+ stoichiometries, we can estimate that complex I evolves 20-40 kJ/mol 0 (subtracting the AH of succinate oxidation from the AH of NADH oxidation and then subtracting the AH of 4H+/O assuming an H'/2e-of 4, see Ref. 37 and sect. IBM), complex III and moved through 60 mV) equivalent to 8 kJmo1 0 [multiplying the AHINa' (6) by the Na'/ATP stoichiometry of the pump (3) and the fraction of total ATP consumption used by the pump (0.23) and the effective mitochondrial P/O (a)] if the return is not coupled to other reactions, and -5.5 kJ/mol 0 (6 x 2 x 2 x 0.23) with the return of K' to the exterior of the cell. These estimates are crude because the contribution of the Na'-K+-ATPase to ATP turnover and the level of the plasma membrane potential varies from tissue to tissue. The ATP (and GTP) consumption associated with protein synthesis can be estimated to produce 12 kJ/mol 0 [multiplying the AH of ATP hydrolysis (21 kJ/mol ATP) by the fraction of total ATP consumption used by protein synthesis (0.28; see sect. IL%') and the effective mitochondrial P/O (a)]. Because relatively little energy is stored in the peptide bond (-5%), most of this heat will be evolved in protein synthesis rather than protein breakdown.
The ATP (and GTP) is used in several different steps of peptide chain elongation, and heat evolution is also likely to be spread through several steps, but the enthalpy values of the intermediates are not generally known. Heat evolution during muscle contraction has been studied in some detail, and the enthalpy of a number of actinomyosin intermediates has been estimated (58, 109). If Z-7% of total ATP turnover is via the actinomyosin ATPase in the standard state (as very roughly estimated in sects. IL!? and 11c3), then the steady-state heat production by the actinomyosin ATPase and cross-bridge cycling of intermediates is small in this state. Of course, this proportion is much higher during maximal metabolism when 50-80% of the oxygen consumed is coupled to the actinomyosin ATPase, and thus up to 40 kJ/mol 0 may be generated by the actinomyosin ATPase. For shortening muscle, a proportion of the enthalpy change may not be lost as heat but rather passed on as internal or external work. The heart obviously performs work in accelerating blood through the vessels, and this work is dissipated as heat within the blood vessels as the blood is decelerated by the vessel walls or by turbulence. The ratio of work done to AH of ATP or PCr has been estimated to be 40-100% in heart so that in some conditions the heat evolved by the cross-bridges themselves may be smaller than expected (80). Also, the work of intestinal or uterine smooth muscle is dissipated internally. In contrast, skeletal muscle may perform external work (up to ZO-30% of calorific input) (144, 219).
Many of the reactions of metabolism produce or consume protons, and these protons are buffered by intracellular buffering groups. The binding and debinding of protons on these various groups produce or take up heat. The amounts of heat involved are large and vary with the type of buffer (58, 209). The M of ATP hydrolysis corrected for buffer ionization is about -20 kJ/mol ATP, whereas the observed LW of ATP hydrolysis including buffer protonation varies from -47 to -15 kJ/mol ATP and depends on which intracellular buffers are present (11, 58, 168). If we used the largest of these values (LW = -47 kJ/mol ATP) to quantify where the heat production occurs, we would estimate that -40% of heat production (2 x 47/230, where we assume an effective P/O of 2 and a LUY of glucose or NADH oxidation of 230 kJ/mol 0) occurs in the processes of ATP utilization (plus coupled and uncoupling processes and proton binding to the buffer), whereas -60% occurs during the processes of ATP synthesis (including heat uptake due to ionization of the buffer). If the intracellular buffers take up a large amount of heat on ionization (as appears to happen in skeletal muscle), then part of the heat released during net ATP synthesis is taken up by the buffers as they ionize to provide the 0.8 Hf required per ATP synthesized, and this heat is released again during net ATP hydrolysis.
However, in the steady state, there is no net uptake or release of these protons, and therefore, the heat exchanges involved in this buffering are not relevant to the steady state. Similarly, the binding and unbinding of metal ions with metabolites and proteins is associated with heat uptake or release. For example, calcium binding and release in muscle may involve significant transient heat changes (109) that do not contribute to the steady state. The reactions of Table 3 have been corrected for buffer ionization and metal binding.
B. Free Energy Dissipation and Efficiency
Most of the internal energy (U) or enthalpy (H) of substrates is dissipated by the processes of ATP production. In contrast, most of the free energy (G) is dissipated by the processes of ATP consumption and the uncoupling reactions. Table 4 gives literature estimates of the free energy dissipation by various reactions in energy metabolism. These estimates depend on the measured metabolite concentrations and thus potentially vary with tissue and metabolic state; however, the measured variation is small in terms of this analysis.
If a (driving) reaction A+C is coupled to another (driven) reaction B+D, then the efficiency of the coupling can defined as JBmD x AGDmB JAeC x AGAmC where JASC is the rate of conversion of A to C and JBwD is the rate of conversion of B to D, and nGAsC is the difference in free energy between A and C and aGDmB is the free energy difference between D and B. From this definition, it follows that an efficiency of less than one can arise either from 1) an uncoupling reaction or slip reaction from A to DAVID F. S. ROLFE AND GUY C. BROWN Volume 77
C, so that some of A is converted to C without B being converted to D, or 2) a fully coupled reaction displaced from equilibrium. Efficiency is not directly related to heat production, since efficiency is defined in terms of free energy rather than enthalpy.
The efficiency of mitochondrial oxygen consumption and oxidative phosphorylation depends on the effective P/O and is maximally 78% (assuming a P/O of 2.5 from NADH, a AG of 202 kJ/mol 0 for oxidation of NADH, and a AG of 63 kJ/mol ATP for ATP hydrolysis, see Table 4 , then efficiency = 2.5 X 63/202) and minimally 62% (assuming an effeetive mitochondrial P/O of 2.0). Most of this inefficiency and free energy dissipation is due to the proton leak, whereas the component processes of oxidative phosphorylation are relatively efficient (see below). In contrast to ATP production, the ATP-utilizing reactions are relatively inefficient. The efficiency of the Na'-K'-ATPase has been estimated to be -57% in brain neurons (35 kJ/mol ATP transferred to the Na+, Kf, and electrical gradients of the plasma membrane with AGATP of 62 kJ/mol) and 67% in glial neurons (42 kJ/mol transferred for the same assumed AGATP) (68). Similar efficiencies have been calculated for the Na+-K'-ATPase of squid axons and mammalian erythrocytes (202). However, an efficiency of 85% has been estimated for resting heart cells (59). The efficiency of the plasma membrane Ca"-ATPase has been estimated to be -42% in brain based on a ATP:Ca?H+ stoichiometry of 1:l:Z and a plasma membrane AG(Ca2') of 26 kJ/mol(68).
During protein synthesis, 4 mol ATP (AG -63 kJ/mol) are hydrolyzed per mole of peptide bonds formed (AGO -13 kJ/mol) (15). Thus the efficiency of protein synthesis is -5%. This does not take into account the relative concentrations of amino acids and protein or the sequence of amino acids in the peptide chain, but this is unlikely to alter the conclusion that protein synthesis is very inefficient. The gross efficiency of muscle contraction (that is, mechanical work output divided by AG of substrate oxidation) is maximally lo-30% in heart (SO, 200) and 20-30% in skeletal muscle (80, 219), whereas the contractile efficiency (that is, total mechanical energy output divided by the AGATP) has been estimated to be 40-80% in cardiac muscle (80, 200) and 45-77% in skeletal muscle (219).
We can calculate the proportions of the total free energy available for the oxidation of glucose dissipated by various cellular processes using the data in Table 4 . Thus glycolysis dissipates -3% of the available free energy, substrate dehydrogenation (pyruvate transport, pyruvate dehydrogenase, and the tricarboxylic acid cycle) dissipates -lo%, the respiratory chain dissipates -lo%, the proton leak dissipates -15%, and ATP synthesis and transport dissipate -4%, the Na'-Kf-ATPase plus coupled and uncoupling transport of Na+ and Kf dissipates -11% (assuming ATP consumption dissipates 54% of the total AG, and 20% of the total ATP consumption is used by the Na' pump), and protein synthesis dissipates -14% (assuming protein synthesis uses 28% of total ATP at 5% efficiency). This leaves -33% of the free energy dissipation unaccounted for, part of which will be due to the Ca'+-ATPase, RNA turnover, and substrate cycling. These calculations assume that fatty acids or glucose is being oxidized. Oxidation of amino acids is a little less efficient (15, 119), but the relative contribution of amino acid oxidation to energy metabolism is small (see sect. IIG).
Most of the free energy dissipation by glycolysis is thought to occur at hexokinase, phosphofructokinase, and pyruvate kinase (129). Most of the free energy dissipation of substrate dehydrogenation is thought to occur at pyruvate, isocitrate, and oxoketoglutarate dehydrogenase (24, 129). Most of the free energy dissipation by the respiratory chain occurs at cytochrome oxidase (36, 37, 150). Mitochondrial ATP synthesis and transport appears to be close to equilibrium so that little free energy is dissipated by these reactions. If 20% of the respiratory protons return via the proton leak, then the leak acts as a major free energy dissipating reaction. Gunter and Jensen (89, 118) have measured the efficiencies of component steps of oxidative phosphorylation in isolated mitochondria and estimated the power losses in state 3 (i.e., the maximal rate of ATP synthesis) to be 12% by electron transport, 10% by proton leakage, 19% by substrate and product transport, and 10% by phosphorylation, resulting in the transfer of 48% of the initial free energy to ATP. However, as we have seen, the in vivo efficiencies are probably higher at least during standard metabolism, because the AGATP is higher than in state 3. The efficiency may be lower during maximal metabolism.
C. Distribution of Energy Dissipation
Most (but not all) of the internal energy dissipation and heat production from metabolism occurs at the reactions of the mitochondrial inner membrane, whereas most (but not all) of the free energy dissipation occurs at the ATP utilizing and uncoupling reactions (Fig. 4) . Why is this? One way to rationalize the distribution of heat production is to note that virtually all the free energy available from the oxidation of NADH or glucose is enthalpic, with a very small entropy production, whereas roughly two-thirds of the free energy available from ATP hydrolysis is entropic (see Tables 3 and 4) . Thus, even if oxidative phosphorylation were at equilibrium, the transfer of the free energy from the NADH2 + 0, -+ NAD+ + H20 reaction to the ADP + Pi -+ ATP reaction must involve the loss of two-thirds of the internal energy of the former reaction (note, however, that the enthalpy and free energy values used here do not include buffer ionization). It is conceivable that reactions that produce a large amount of heat are confined to membranes (or other relatively rigid struc- tures) to prevent the proteins involved from denaturation by the released thermic energy.
Why is such a large proportion of the free energy of metabolism dissipated by the ATP-utilizing reactions, i.e., why are these reactions apparently so inefficient? One possible explanation is that the products of these reactions, for example, proteins, the Na+, Kf, and Ca2' gradients, and cell membrane potentials, need to vary in level to control cell function, and this variation must be independent of ATP/ADP. An alternative explanation is that the relatively low enthalpic contribution of ATP hydrolysis means that there is relatively little energy available per reaction, and this may cause relatively slow kinetics if the ATP-utilizing reactions were endothermic.
V. CHANGES AND DIFFERENCES IN METABOLIC RATE
Differences in metabolic rate may be either within an organism or species or between different species or phvla. Changes in metabolic rate within an animal can be classed as short term or long term. Short-term changes include those due to cold, feeding, and muscle use (discussed in sect. III). Long-term changes in SMR include those due to nutritional status (under-or overfeeding) or age. Differences in SMR between species are mainly due to differences in body mass or phylogeny. Standard metabolic rate is fairly constant for a particular individual (ignoring daily and seasonal variations; see Ref. 15) and is similar for different individuals of the same species, age, and weight, although small intraspecies differences do exist and several authors have proposed differences that account for these, such as variations in lean body mass (78, 79, 146). Standard metabolic rate changes with age; it increases from birth to maturity and falls slightly in old age. The mass-specific SMR (metabolic rate per kg mass of organism) declines with age (15). Standard metabolic rate varies with thyroid status. Individuals with lower or higher than normal thyroid levels have lower or higher than normal metabolic rates, respectively (e.g., Refs. 91, 203). Standard metabolic rate varies with body mass. Bigger animals have lower metabolic rates per unit body mass; for example, the metabolic rate per gram of mouse is -25 times that of an elephant (30, 183). There are also differences in the SMR of species of the same mass but different phyla, although note that these differences may be due to differences in thyroid status (112). Warmblooded mammals have roughly 4-5 times the SMR of cold-blooded reptiles of the same body mass and preferred body temperature (112).
The latter part of this section deals with the molecular origin of the differences in SMR between species of different body size and phylogeny. However, before that, we examine which cellular reactions control SMR, because only changes in reactions that control SMR will actually affect SMR.
A. Control of Cellular Respiration
The concepts of "control" and "regulation" are often confused. Ambiguity can be avoided by taking the proposition "x control y" to mean that a change in x causes a significant change in y. Whereas "x regulates y" means that in vivo changes in y are brought about by changes in x. Of course, x can only regulate y if x has significant control over y in vivo. In the metabolic control theory, the extent to which an enzyme (or transporter) controls a steady-state rate is quantified as a flux control coefficient (see Refs. 40, 120, 121) . This coefficient is the percent change in the steady-state rate divided by the (small) percent change in the concentration of the enzyme. For a particular system in a particular condition, the sum of the control coefficients for all enzymes over a particular flux is equal to 1.
It had previously been assumed that all metabolic Refs. 34, 87, 93, 138, 217) . Within cells, it is often assumed that metabolic rate is solely controlled by the ATP-utilizing processes, to which the ATP-producing processes passively respond. However, recent evidence suggests that processes other than those involved in ATP consumption have significant control over oxygen consumption rate. Control over cellular oxygen consumption has been examined in isolated liver cells (41, 97) and perfused rat skeletal muscle (177) in "resting" conditions, which may approximate the standard state. Control over resting mitochondrial oxygen consumption in rat liver cells has been shown to be shared between the "substrate oxidation"
(29-35% of the control), "proton leak" (ZZ-25%) and "ATP turnover"
(41-49%) pathways (41, 97). Note here that, because these experiments were carried out in isolated cells, any control by substrate supply to the tissue is not included in the analysis. If significant control was invested in tissue substrate supply, as some consider to be the case (50, 61), then the amount of control invested in the cellular pathways would be less significant. In perfused skeletal muscle, the same analysis gave a similar control distribution:
substrate oxidation was found to have 44 t 28% of the control, proton leak had 38 t 21%, and ATP turnover had 21 t 9% (177). There are indications in many other mammalian tissues that the ATP-utilizing reactions do not have all the control over cellular oxygen consumption (34, 101). This is indicated by the fact that respiratory substrates or increased mitochondrial free calcium can stimulate oxygen consumption in these tissues. In many tissues, a large amount of control does lie in the ATP-utilizing processes, but this control is not necessarily in the ATP-utilizing reactions themselves. For example, the rate of the Na+-K+-ATPase is usually determined by the Na+ permeability, and the actinomyosin ATPase by Ca" permeability, whereas protein synthesis and the associated ATP usage are controlled by a large number of processes (34). Thus it is clear that the control of oxygen consumption rate is widely distributed among metabolic pathways and is not solely a property of the ATP-consuming processes.
B. Causes of Species Differences in Standard Metabolic
Rate Related to Body Size and Phylogeny
What changes underlie these differences in metabolic rate between species and phyla? Part of the differences in SMR mentioned above are due to differences in the mass of the metabolically most active organs (e.g., liver, kidney, and brain) as a proportion of body mass (15, 183), and part may be due to differences in the ratio of relatively active to inactive cells in organs (e.g., neurons/glia in brain; Ref. 193) . However, the differences in SMR between animals of varying body mass, thyroid status, and phylogeny have been shown to correlate with differences in the metabolic rate of liver cells isolated from those animals (23, 97, 165) so that the decrease in SMR per kilogram in larger animals is partly due to 1) relatively more bone, skin, and muscle and relatively less of the more active internal organs; 2) a reduced proportion of relatively active cell types within organs; and 3) for a given cell type less active metabolism.
What metabolic changes underlie the differences in cellular metabolism in different species and phyla? It is unlikely that change in the level of a single cell reaction or process is sufficient to explain a large change in SMR, because the relevant reactions would need to have high control coefficients over SMR over a large range of rates. This is unlikely to be true, because what evidence we have (see sect. VA) suggests that none of the relevant reactions has a control coefficient over oxygen consumption approaching 1. If an enzyme has a control coefficient of < 1, raising the enzyme's activity will bring the reaction closer to equilibrium and the enzyme will lose control. It has been shown that large increases in the rate of metabolic pathways can only be brought about by proportional activation of all the enzymes with significant control over the pathway (70). Thus it is unlikely that a large difference in metabolic rate could result from a change in the level of a single enzyme.
A more likely hypothesis for large differences in metabolic rate is that all the major metabolic pathways change in proportion, i.e., that all enzymes and transporters change in concentration to the same extent as the minimal metabolic rate. This hypothesis is discussed below with particular reference to differences in metabolic rate related to body mass, thyroid status, and phylogeny. In liver cells isolated from mammals of widely rang-various cellular processes to be maintained is that this ing body mass (20-750 kg), the proportion of hepatocyte would preserve a particular pattern of control distriburespiration used to drive proton leak (-ZO%), ATP turn-tion. Analysis of the distribution of control over oxygen over (-65%), and nonmitochondrial oxygen consumption consumption in mitochondria isolated from the livers of (-15%) was the same in all cases (167), although the different animals (from data in Ref. 167), from different proton permeability of liver mitochondria isolated from tissues of the same animal (178), and even from plants the same mammals varied considerably at the same pro-(60, 126) indicates that the distribution of control over ton-motive force (164). The relationship between the oxy-mitochondrial oxygen consumption (and other variables) gen consumption rate (per unit mass) of the liver cells appears to be a conserved property in different tissues lated from [(x(MJ~*'*] was virtually identical to the massspecific SMR [cY(MJ -'*17] of the animals from which they and the body mass (Mb) of the mammals they were isotance of this pattern of control. Indeed, the need to conserve a certain control pattern presumably reflects the and species. This might be taken to indicate the imporwere taken (165).
we would expect all metabolic intermediate levels to not
If the whole of metabolism sealed with body size, importance of certain key points in a pathway that are in metabolic rate that are produced by alteration of the subject to in vivo regulation, to effect short-term changes change with body size. However, it has been reported that activity of only some points in a metabolic pathway. the AGATP (estimated by NMR) of heart in vivo decreases with body size in mammals (62). If confirmed in other tissues, this would suggest that ATP production was de-C. Summary creased more than ATP utilization with increasing body size. In apparent contrast to this, one of the driving forces for ATP synthesis, the mitochondrial membrane potential, increases with increasing body size in isolated liver cells (167), perhaps implying that ATP utilization was decreased more than ATP production in liver. In summary, there is evidence that most of metabolism involved in SMR scales roughly in proportion to SMR in mammals of different body size, but the finding that metabolite levels do not remain constant suggests that the changes in metabolism are not exactly proportionate.
In conclusion, it appears that differences in SMR seen in animals of different body mass and phylogeny are the result of a proportional change in the activity of most cellular processes. Large-scale and long-term activation of metabolic rate may require such proportional activation because control over metabolic rate is distributed throughout metabolism so that a large activation of metabolic rate cannot be achieved by activating only a single or small number of metabolic reactions.
Metabolic rate and phylogeny

VI. FUNCTIONS OF STANDARD METABOLIC RATE
Comparisons of energy metabolism in homeotherms and poikilotherrns have shown that there is a roughly fivefold higher SMR in homeotherms than in poikilotherms of the same body size and preferred body temperature, whereas the total mitochondrial inner membrane area of homeotherms is three-to fourfold higher (65, 66), the Na' and K+ permeabilities of the cell membrane are five-to sevenfold higher (67), and the proton permeability of the mitochondrial inner membrane is four-to fivefold Several different functions could be suggested for the processes underlying SMR. These include 1) maintenance required due to undesigned uncoupling reactions, 2) production of heat to maintain body temperature, 3) maintenance and heat production for maximal metabolic rate, -4) endowment of increased sensitivity of key metabolic reactions to effecters, and 5) reduction of harmful free radical production. greater in the homeotherm (23). A comparison of the isolated liver cells of rat and a poikilotherm of equivalent A. Maintenance of Cellular Composition Against body mass has shown that although the cells of the hoUndesigned Uncoupling Reactions meotherm had a fourfold greater oxygen consumption leak, and total ATP turnover are similar in the two cell rate, the proportions of oxygen consumption attributed to nonmitochondrial oxygen use, the mitochondrial proton types (23). The contribution of the Na'-K+-ATPase was Some authors (e.g., Ref. 188) have suggested that the low entropy structures of cells (e.g., macromolecules, ion gradients) are continually degrading and dissipating due to uncatalyzed or undesigned reactions, e.g., protein and also found to be the same (23). Again, this suggests that all the components of metabolism are increased in proportion to metabolic rate.
It is interesting to note that one of the reasons why one might expect the balance between the activity of the fat oxidation reactions and ion leaks, so that a continual input of free energy is required to maintain the low entropy states. It is important to distinguish between the function of coupling and uncoupling reactions here. If the uncoupling reactions are undesigned reactions, then the DAVID F. S. ROLFE AND GUY C. BROWN Volume 77 coupling reactions could be regarded as functioning in if we accept that a body temperature above ambient is maintaining the levels and organization of components advantageous, then we must also accept that heat produc-(e.g., proteins and DNA). tion is functional. We have seen above that the mitochondrial proton leak is a significant uncoupling reaction and might be regarded as uncatalyzed and/or undesigned (35,39). However, the fact that the activity of this leak can change so dramatically with body mass and phylogeny suggests that the leak is partly under the control of the organism and thus presumably designed. The Nit+, Kf, and Ca2' conductances at the plasma membrane are almost certainly mainly mediated by ion channels rather than undesigned leaks (35). The extent to which protein degradation is ultimately caused by uncatalyzed reactions leading to protein denaturation is not known but is generally thought to be small (102). Overall, the contribution of undesigned leaks to metabolic rate is probably small, at least in mammals. Thus most of the uncoupling reactions involved in SMR must have functional roles. The fact that poikilothermic animals of the same size and essentially the same structure and metabolism as homeotherms have roughly fivefold lower SMR at the same body temperature also tends to suggest that most of the uncoupling (and coupling) processes in homeotherms are designed.
C. High Standard Metabolic Rate Enables High Maximal and Field Metabolic Rate
The argument that the function of SMR in homeothermic animals is to generate heat may appear somewhat circular, since it is generally assumed that the major advantage of homeothermy is a higher metabolic rate. However, the argument is not circular if the higher body temperature allows a higher growth rate, faster reproductive cycle, and higher maximal metabolic rate.
B. Standard
Metabolic Rate as a Means of Heat Production It is possible that the level of SMR in mammals is determined by the necessity of maintaining a constant body temperature, and thus a rate of heat production which matches the rate of heat loss. Mammals need to maintain a constant body temperature of between 33 and 39°C and at thermoneutral environmental temperatures, the required heat is provided by standard metabolism. However, if the need for heat far exceeded the need for free energy, then we might expect heat production to be localized to a particular organ and/or a particular uncoupling reaction early in metabolism (cf. thermogenesis in brown adipose tissue). We have seen that heat production during standard metabolism is not localized to one organ, and significant amounts of heat are generated both before and after the production of ATP. This might be taken to suggest that in mammals the function of SMR is not only to produce heat, but also to supply free energy to drive cellular reactions whose function is not solely to generate heat. The production of heat is compatible with the production of free energy by the very same reactions, so that these are not mutually exclusive functions. Conversely, it could be argued that the sole function of SMR is to produce and use free energy and that heat is an inevitable waste product of this process. However, if this heat production were removed, then the body temperature of mammals would fall to that of the environment.
Thus, A high SMR may enable an organism to have a higher growth rate, faster reproductive cycle, and higher maximal metabolic rate not just because it provides a higher body temperature, but also because it maintains the metabolic machinery necessary for a high maximal metabolic rate. Thus, for example, fast running requires high levels of muscle actinomyosin to cause contraction, high rates of muscle calcium and sodium transport, high levels of mitochondria to supply the ATP, increased vascularization, increased heart and lung capacity, increased glycogen and fat storage, and increased capacity to interconvert metabolites.
Thus a higher maximal metabolic rate or growth rate requires more metabolic machinery (i.e., more enzymes, transporters, membranes, metabolites, organelles, and cells), and the maintenance of more machinery may require more energy (e.g., for protein turnover) even in the standard state. Some support for this idea comes from the fact that in most animals maximal metabolic rate is always roughly 10 times SMR even though the absolute value of SMR varies greatly. Thus we might infer that a high SMR enables a high maximal metabolic rate. However, this explanation echoes the argument of section VIA that the function of SMR is maintenance, which we have already dismissed, since most of the leaks that underlie SMR appear to be designed rather than undesigned. A stronger argument might be that a high maximal metabolic rate requires a high SMR to maintain a high body temperature (see sect. VI@ or increase potential for regulation (see sect. VrD).
Even in the standard state, there are a number of organism functions that require a continuous supply of free energy. For example, the processing of information in the brain continues in the standard state and is of obvious survival value. Brain energy metabolism appears to be uncoupled mainly by plasma membrane ion channels, and these uncoupling processes participate in the information processing.
Thus some uncoupling processes are functional in the standard state. An alternative, but not mutually exclusive, explanation for the presence of a large SMR in mammals is that the presence of futile cycles (coupling and uncoupling processes) in cellular metabolism confers on metabolism 1) decreased transition times to new steady states, 2) a higher sensitivity to effecters, and 3) more sites at which control is exerted, as first proposed for substrate cycles by Newsholme and Underwood (153). The rapid synthesis and degradation of proteins, mRNA, phospholipids, metabolites, and signal molecules does not affect the steadystate levels but does decrease the transition times to new steady states and thus enables more rapid regulation of levels. High activity of the processes producing and consuming an intermediate relative to the net rate of production also means that relatively small changes in the production or consumption result in large changes in the net rate, and thus increase the sensitivity of control. Mitochondrial proton leak, which uncouples mitochondrial ATP synthesis, may increase sensitivity and decrease response time to changes in ATP utilization in the cell. The transmembrane Na+, Kf, and Ca2+ fluxes must similarly respond rapidly and sensitively to demand, and here again, the high level of cycling of these ions across cellular membranes may facilitate this response. Thus the uncoupling of metabolism may provide mechanisms for increasing the sensitivity and rate of response of metabolic pathways to effecters.
E. Standard Metabolic Rate as a Means of Regulating Harmful Free Radical Production
A further function of SMR might be to control the production of harmful free radicals, either by the mitochondria themselves or by nonmitochondrial processes (195) . There is ample evidence that mitochondria are a major source of cellular superoxide and hydrogen peroxide (95). Experiments using isolated heart mitochondria have shown that the production of these reactive oxygen species (ROS) is dramatically increased when mitochondrial state 4 oxygen consumption is inhibited at certain point(s) in the respiratory chain. The site of free radical production is probably the semiquinone of the Q cycle (205), but complex I may also be involved (2) . It has been shown that uncoupling or the availability of ADP prevents mitochondrial free radical production (49, 139), and thus increased ATP utilization or proton leak can decrease ROS production. Nonmitochondrial ROS production also appears to be important, particularly via electron transport chains in the endoplasmic reticulum (95). The rate of ROS production is roughly proportional to ambient oxygen concentrations (96).
Thus it appears that the rate of generation of superoxide free radicals is related to the concentration of oxygen within the cell and the degree of reduction of the species that donate electrons to O2 to form superoxide. One might therefore suppose that ROS production would become most problematic in the resting cell, since such a cell would consume less oxygen and have a higher concentration of reduced electron-transport-chain components that could donate an electron to oxygen to form superoxide. This might be overcome by 1) increasing tissue oxygen consumption to decrease tissue oxygen levels and 2) increasing mitochondrial proton leak and cellular ATP utilization to decrease the reduction level of the mitochondrial respiratory chain. Thus SMR might function to decrease ROS production (195). However, this would seem to be a very expensive way to decrease ROS production, given that there appear to be many other ways of achieving the same ends. For example, tissue oxygen levels can be and are decreased by arterial and arteriolar resistance to blood flow, and the respiratory chain can be and is maintained partially oxidized by restriction of electron entry into the chain. Also, a high SMR to decrease oxygen levels is accompanied by a high level of mitochondria, and thus an increased potential for producing ROS. Overall, it seems unlikely that decreasing ROS production is a major function of SMR, but it might play a minor role.
F. Summary
Thus the functions of SMR are not fully understood. Undesigned uncoupling reactions probably do not make a significant contribution to SMR in mammals. The greater metabolic rate of homeotherms compared with poikilotherms points to an important role for SMR in heat generation, but this is also compatible with SMR providing free energy for functional coupling reactions (such as protein synthesis) and uncoupling reactions (such as information transfer and processing). The uncoupling of metabolism may also serve to increase the sensitivity and rate of response of metabolic processes to effecters.
VII. CONCLUSIONS
We have seen that there are important differences and distinctions between the cellular reactions that 1) couple to oxygen consumption, 2) uncouple metabolism, 3) hydrolyze ATP, -4) control metabolic rate, 5) regulate metabolic rate, 6) produce heat, and r) dissipate free energy. The quantitative contribution of different cellular reactions to these processes is difficult to estimate accurately at present, because of the vast amount of metabolic information required. However, we believe a useful first estimate can now be made, and this will help to focus attention and research on outstanding problems. We esti- mate that -90% of mammalian oxygen consumption in the standard state is mitochondrial, of which -20% is uncoupled by the mitochondrial proton leak and 80% is coupled to ATP synthesis.
Of the total ATP synthesis, -21530% is used by protein synthesis, 19-28% by the Na+-K+-ATPase, 4-S% by the Ca2+-ATPase, 2-8% by the actinomyosin ATPase, 7-10% by gluconeogenesis, and 3% by ureagenesis, with mRNA synthesis and substrate cycling also making significant contributions.
The main cellular reactions that uncouple standard energy metabolism are the Nit+, Kf, H', and Ca2' channels and leaks of cell membranes and protein breakdown.
Cellular metabolic rate is controlled by a number of processes including metabolic demand and substrate supply. The differences in SMR between animals of different body mass and phylogeny appear to be due to proportionate changes in the whole of energy metabolism. Heat is produced by some reactions and taken up by others but is mainly produced by the reactions mitochondrial respiration, oxidative phosphorylation, and proton leak on the inner mitochondrial membrane. Free energy is dissipated by all cellular reactions, but the major contributions are by the ATPutilizing reactions and the uncoupling reactions. Several functions for SMR can be proposed, but the relative importance of these is unclear. 
